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Understanding the mechanisms by which herpes simplex virus (HSV) evades host immune defenses is
critical to defining new approaches for therapy and prevention. We performed transcriptional analyses and
immunocytochemistry on sequential biopsy specimens of lesional tissue from the acute through the posthealing
phases of recurrent mucocutaneous HSV-2 infection. Histological analysis of these biopsy specimens during the
acute stage revealed a massive infiltration of T cells, as well as monocytes/macrophages, a large amount of
myeloid, and a small number of plasmacytoid dendritic cells, in the dermis of these lesional biopsy specimens.
Type I interferon (IFN-� and IFN-�) was poorly expressed and gamma IFN (IFN-�) potently induced during
time periods in which we detected abundant amounts of HSV-2 antigens and HSV-2 RNA. IFN-stimulated
genes were also markedly upregulated, with expression patterns that more closely matched those in primary
human fibroblasts treated by IFN-� than those in fibroblasts treated by IFN-�. Transcriptional arrays of the
same lesional biopsy sites during healing and at 2 and 4 weeks posthealing revealed no HSV nucleic acids or
antigen; however, there was persistent expression of IFN-�, with very low levels of IFN-� and IFN-�. The
findings of extremely low levels of IFN-� and IFN-�, despite the presence of a large number of cells capable
of synthesizing these substances, suggest a potent alteration in host defense during HSV-2 infection in vivo.
HSV-2’s blockade of the innate immune system’s production of type I IFN may be a major factor in allowing
the virus to break through host mucosal defenses.

The pathogenesis of reactivating herpes simplex virus type 2
(HSV-2) infection at mucosal sites in humans is not well un-
derstood. Recent studies have shown frequent and rapid reac-
tivation and clearance of HSV-2 in genital tissue (27, 41, 47),
suggesting that local host responses in the periphery are im-
perfect determinants of viral clearance. Most recently, HSV-
2-specific T cells have been shown to persist in skin for weeks
after the healing of a reactivation episode (15, 47). The mech-
anism by which HSV-2 evades such local host defense even for
short time periods is unclear.

Nearly 3 decades ago, antiviral activities in vesicle fluid dur-
ing recurrent acute HSV infection in 18 of 19 patients were
demonstrated using a plaque reduction assay (32). Type I in-
terferon (IFN) was shown using type I IFN neutralizing anti-
bodies to be the source of this antiviral effect in �50% of such
persons. Significant amounts of T lymphocytes and monocytes/
macrophages were seen to infiltrate near the infected epider-
mis during HSV reactivation (4), and a recent study found
plasmacytoid dendritic cells (pDCs) near the infected epider-
mis during HSV reactivation (5), suggesting that host innate
immune cells play a role in host mucosal defense to recurrent
HSV infection. However, the interaction of host mucosal in-
nate immune systems with reactivating HSV-2 during acute
infection is poorly understood.

IFNs are a family of related cytokines that are classified
according to receptor specificity and sequence homology. Type
I IFN consists of multiple IFN-� subtypes, IFN-�, and several
less-understood species, including IFN-�, IFN-ε, IFN-�, IFN-�,
and IFN-�. IFN-� is the only type II IFN. The more recently
described type III IFN includes three IFN-	 gene products
(37). Type I IFNs are the first line of host innate defense
against many types of viral infection (9, 10). Although most cell
types can secrete type I IFNs in response to viral infection,
certain cell types, such as pDCs, generate especially high levels
of type I IFN (24). IFN-�, a potent immunoregulatory cyto-
kine, is mainly secreted by T lymphocytes and NK cells. There
is evidence that other cell types, such as antigen-presenting
cells, can also synthesize IFN-� (38).

Genetic studies with humans and mice have shown that host
innate immune responses, particularly the host type I IFN
response, play important roles in controlling HSV infection.
Humans with mutations in Stat1, TLR3, or UNC-93B, whose
gene products are involved in the production of or response to
type I IFN, are prone to HSV-induced encephalitis (3, 7, 45).
Mouse models also suggest that type I IFN is important in
controlling acute HSV infection, and several HSV-encoded
gene products, such as ICP0 and ICP34.5, antagonize host type
I IFN antiviral activities (19). In addition, several IFN-stimu-
lated genes (ISGs), such as ISG15 and OAS1, have been shown
to be important in controlling acute HSV infection in mice
(1, 20).

In a previous study, we showed that IFN-� and IFN-� induce
overlapping yet distinct gene expression patterns in primary
human fibroblasts (FB) (33). In this paper, we utilized a com-
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bination of transcriptional profiling and immunocytochemistry
studies of skin biopsy specimens taken directly from genital
HSV-2 lesions during the acute and posthealing phases of
genital herpes to study the temporal expression patterns of
IFNs (IFN-�, IFN-�, and IFN-�) and ISGs. We found that
despite the massive infiltrates into the infected epidermis of
monocytes/macrophages, myeloid dendritic cells (mDCs), and
a small number of pDCs, IFN-� and IFN-� are poorly ex-
pressed while IFN-� and ISGs are strongly expressed in genital
lesions, suggesting that HSV-2 reduces type I IFN production
in vivo.

MATERIALS AND METHODS

Human subjects and specimens. Study subjects were recruited into a study
protocol approved by the University of Washington Institutional Review Board.
Written consent was obtained from all subjects. Three-millimeter punch biopsy
specimens were obtained during symptomatic recurrences from active lesion
sites, from newly healed lesions, and from the same sites at 2 and 4 weeks
posthealing, as previously described (47). For biopsy specimens taken from acute
lesions, half of the biopsy specimen included the vesicle area and the other half
covered the immediately adjacent erythematous skin area. In the posthealing
time period, biopsy specimens were obtained from the predominant lesion area,
usually contiguous to the prior biopsy specimens. Control skin biopsy specimens
were taken from normal epithelialized genital skin obtained at the same time
from the anatomic site opposite from that of HSV reactivation.

RNA extraction, amplification, and hybridization of cRNA to Illumina bead
arrays. To prepare RNA from acute lesion or healed lesion biopsy specimens,
half of a biopsy specimen was homogenized with a Qiagen RNeasy microkit lysis
buffer, using a Pro200 homogenizer (PRO Scientific, Oxford, CT). Extraction of
total RNA followed the manufacturer’s protocol. The quality of total RNA was
analyzed by Agilent picochips, and RNA whose RNA quality index was above 6
was used. Total RNA (150 ng) was then used to prepare cRNA by using an
Illumina TotalPrep RNA amplification kit (Ambion, Austin, TX). The size
distribution of cRNA was analyzed by Agilent nanochips. In all the biopsy
specimens that were used for arrays, the amplified cRNA had a Gaussian dis-
tribution with an average size of 1.2 kb. The cRNA (750 ng) was then used to
hybridize to Illumina HumanRef8_v2 bead arrays in the Center for Array Tech-
nology (CAT) at the University of Washington, per the manufacturer’s protocol.

Analysis of bead array data. Raw data were imported to Beadstudio (version
2.3; Illumina). Control summaries were generated by Beadstudio to analyze the
quality of the hybridization. Data passing this initial quality control step were
exported and normalized by the lumi package in R, a statistical platform for data
analysis (6). Normalized data were visualized and analyzed by a hierarchical
clustering method (with complete linkage and Euclidean distance) using Spot-
Fire DecisionSite for functional genomics (version 9.1.1). The GoMiner program
(44) was used to identify the enriched functional categories (gene ontology [GO]
terms) in the differentially expressed genes.

Quantitative reverse transcription-PCR (RT-PCR). Total RNA was isolated
from primary human FB or lesional biopsy specimens by using a Qiagen
RNeasy minikit per the manufacturer’s instructions. First-strand cDNA was
then synthesized from total RNA (250 ng) by using a high-capacity cDNA
synthesis kit from Applied Biosystems (Foster City, CA). Two microliters of
the final 50 
l cDNA was used for each reaction in a 96-well TaqMan PCR
plate. TaqMan probes for GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase), IFN-�, IFN-�1/IFN-�21, IFN-�, DDX58, OAS1, INDO, and GBP5
were ordered from Applied Biosystems (the assay identification numbers
are Hs02758991_g1, Hs01077958_s1, Hs00353738_s1, Hs00174143_m1,
Hs01061433_m1, Hs00973640_m1, Hs00158032_m1, and Hs00369472_m1).
HSV RNA and DNA were measured by TaqMan PCR as previously de-
scribed (42, 47). To test the sensitivity of IFN TaqMan PCRs, cDNA clones
(for INFB1, LIFESEQ90179925; for INFA-21/1, 7262162; and for INFG,
LIFESEQ95113490) containing corresponding amplicon sequences were pur-
chased from Open Biosystems (Open Biosystems, Huntsville, AL). After the
plasmids were purified by using a QIAprep spin miniprep kit (Qiagen, Valencia,
CA), quantified by optical density reading, and linearized by enzyme digestion,
10-fold serial dilutions were made to create standard curves and to test the
sensitivity. Each 30-
l PCR mixture consists of 1.5 
l of 20� primer-probe mix,
15 
l 2� QuantiTect multiplex PCR master mix (Qiagen), and 2 
l of cDNA. All
three PCRs used for this study were able to detect 10 copies of cDNA consis-
tently. Standard curves consisting of dilution series of 105, 104, 103, 104, 102, and

10 were then used to quantify IFN (IFN-�, IFN-�1, and IFN-�) expression in
control and lesion biopsy specimens.

Immunofluorescent staining. The staining of the biopsy specimens with the
antibody for the HSV whole antigen has previously been described (47). Biopsy
specimens were snap frozen on optimal cutting temperature compound (Sakura
Finetek USA, Inc., Torrance, CA) and stored at �80°C until use. As previously
described, we sectioned frozen skin biopsy specimens into 7-
m slices before
they were fixed and permeabilized in acetone for 20 min at �20°C. Tissue was
incubated in blocking buffer for 30 min and the primary antibody applied over-
night at 4°C. After being washed in phosphate-buffered saline three times, the
samples were incubated with fluorescence-labeled secondary antibody at room
temperature for 1 h, washed, counterstained with DAPI (4,6-diamidino-2-phe-
nylindole; Fluka), and mounted in Mowiol 40-88 containing 2.5% 1,4-diazabicy-
clo[2,2,2]-octane (DABCO; Sigma). The primary antibodies used in this study
were specific for HSV-2 (rabbit polyclonal, Dako), BDCA2 (goat polyclonal;
R&D systems), DC-LAMP (mouse monoclonal; Beckman Coulter), DC-SIGN-
AF647 (mouse monoclonal; e-Bioscience), CD14 (mouse monoclonal; BD Phar-
mingen), CD68 (mouse monoclonal; Dako), and CD163 (mouse monoclonal;
ABCAM). The secondary antibodies were donkey anti-mouse Alexa Fluor 488,
donkey anti-mouse Alexa Fluor 647, donkey anti-rabbit Alexa Fluor 594, and
goat anti-mouse horseradish peroxidase coupled with Alexa Fluor-labeled tyra-
mide.

Culturing and IFN treatment of primary human FB. Primary human FB were
propagated in Waymouth MB 752/1 medium (Invitrogen, Carlsbad, CA) con-
taining 20% fetal bovine serum, penicillin (50 U/ml), and streptomycin (50

g/ml). FB were seeded into six-well dishes at a density of 1.5 � 105 cells per well
so that cells were about 70% confluent the following day for IFN treatment. FB
were either treated with 100 U/ml of human IFN-�1a (PBL Biomedical Labo-
ratories, Piscataway, NJ), treated with 100 U/ml of human recombinant IFN-�
(Roche Diagnostics, Indianapolis, IN), or left untreated 48 h before the total
RNA extraction using a Qiagen RNeasy minikit.

Microarray data accession number. The array data have been deposited into
the NCBI Gene Expression Omnibus (GEO) database under accession number
GSE18527.

RESULTS

To understand the temporal gene expression patterns of
host immune response during the progression of HSV-2 reac-
tivation at mucocutaneous sites, particularly the expression of
type I and type II IFNs and ISGs, we analyzed the whole-
genome transcriptional profiles of four skin biopsy specimens
at acute lesion stages and six skin biopsy specimens at pos-
thealing stages from four patients. After our analyses of these
biopsy specimens, we subsequently performed selected quan-
titative RT-PCR of HSV-2 gene expression of three different
patients during their acute episodes of reactivation. We de-
tected HSV DNA in tissues from all seven acute lesions but not
in any of the posthealing or control biopsy specimens (Fig. 1A).
We also found high levels of RNA from ICP27 and gB, two
HSV-encoded gene products, in all seven lesional biopsy spec-
imens (Fig. 1B) but not in biopsy specimens from healed le-
sions or in control biopsy specimens. Similarly, HSV antigen
expression at the infected epidermis was found in all seven
lesional biopsy specimens (Fig. 1C).

Hierarchical clustering analysis of genes that show differ-
ential expression in lesion biopsy specimens. To examine
changes in host gene expression during lesion progression, we
used the contralateral normal genital skin biopsy specimen as
the control reference to generate expression ratios of more
than 22,000 genes on Illumina Human Ref8_v2 bead arrays for
all the biopsy specimens. A gene was defined as differentially
expressed if it had a more-than-twofold change over its control
biopsy specimen; 2,625 genes met the criteria among the four
lesion biopsy specimens in which HSV RNA was detected. A
hierarchical clustering analysis shows that the lesion biopsy
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specimens from four different patients during the acute stage
of reactivation have striking similarities in expression patterns
and that the expression levels of these genes vary over the
course of healing (Fig. 2A).

To identify enriched functional categories in the set of dif-
ferentially expressed genes relative to all the genes on the
Illumina HumanRef8_2 bead arrays, we annotated these genes
to the GO terms and identified the enriched GO terms by using
the GoMiner program (Fig. 2B). Out of more than 10,000 GO
terms used to annotate the set of differentially expressed genes,
461 GO terms are highly enriched (false discovery rate, �0.05)
(data not shown). Consistent with the significant lymphocyte
infiltration at acute lesion stages (4, 47), we find genes associ-
ated with such GO terms as “lymphocyte activation” to be

highly enriched in our data set. As expected, the transcription
arrays also indicated major alterations in innate immune re-
sponses during the course of lesion progression. As both types
of IFNs and ISGs play important roles in host innate immune
response, we concentrated our initial analysis on evaluating
these genes during the progression of HSV-2 reactivation.

Type I and type II IFNs show significantly different expres-
sion levels in acute lesion biopsy specimens. We found marked
differences between the inductions of type I and type II IFNs
in the lesional biopsy specimens. As shown in Fig. 3A, we
found no evidence for induction of either IFN-� or IFN-� in
lesional tissue. In contrast, there were 3- to 15-fold increases of
IFN-� in all four lesion biopsy specimens. The receptors for
both type I and type II IFNs had modest increases in expres-

FIG. 1. Significant presence of HSV-2 DNA and expression of HSV-2 RNA and antigens in lesion biopsy specimens from individuals with
recurrent mucocutaneous HSV-2 infection. (A) Detection of HSV-2 DNA by quantitative PCR in skin biopsy specimens during the acute (lesional)
and healed stages of HSV-2 reactivation and in control biopsy specimens that are derived from genital skin in non-HSV-2-affected areas. The seven
biopsy specimens taken during acute lesion stages from seven different patients are referred to as lesions 1, 2, 3, 4, 5, 6, and 7 in subsequent
experiments. NA, not applicable. (B) Expression of two HSV genes (ICP27 and gB) in lesion 2 detected by real-time RT-PCR. The expression of
ICP27 and gB in lesional biopsy specimens was normalized to that of human rRNA. The error bars represent 1 standard deviation from the average
values obtained from triplicate technical replicates. (C) Immunofluorescent staining for HSV antigen by using polyclonal antibody in lesion 2
(bottom panel) and noninfected genital skin (top panel). Blue, DAPI; red, HSV-2. Scale bar, 50 
M.
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sion in these biopsy specimens. Since the gene arrays are less
sensitive and have less dynamic ranges than real-time RT-
PCR, the same RNA was converted to cDNA and the expres-
sion of type I and type II IFNs was assayed by real-time PCR,
using the synthesized cDNA as a template. The RT-PCR anal-
yses confirmed the microarray data, as IFN-�1/IFN-�21 and
IFN-� expression levels were within twofold relative to those
of the control and healed biopsy specimens. In contrast, IFN-�
expression was upregulated from 45- to 500-fold relative to
that of controls (Fig. 3B) and persisted over time (see below
and Fig. 6). We then assayed the expression of type I and II
IFNs by using three additional acute lesion biopsy specimens
from three different patients. HSV-2 DNA and RNA were
present in these three biopsy specimens in concentrations sim-
ilar to those for patient 2 (Fig. 1A and data not shown). These
three early biopsy specimens also exhibited weak induction of
IFN-� (3- to 5-fold) and IFN-�1 (less than 2-fold) yet signifi-

cantly increased expression of IFN-� (30- to 70-fold) in com-
parison to that of the matched contralateral normal genital
skin biopsy specimens (Fig. 3C). To estimate the copy numbers
of IFN-�, IFN-�1, and IFN-� in the four lesion biopsy speci-
mens with matched controls shown in Fig. 3B, the standard
curves were generated using IFN-�-, IFN-�1-, and IFN-�-ex-
pressing plasmids (see Materials and Methods for details), and
the copy numbers of IFNs in the cDNA used in TaqMan PCR
shown in Fig. 3B were calculated according to standard curves.
The cDNA was synthesized from 250 ng total RNA, and 1/25
of the cDNA was used to estimate the copy numbers of IFNs.
There were fewer than 50 copies of IFN-�, IFN-�1, and IFN-�
in control biopsy specimens, and similar numbers of IFN-� and
IFN-�1 were found in the four lesion biopsy specimens; how-
ever, more than 1,300 copies of IFN-� on average were de-
tected in the lesion biopsy specimens (Fig. 3D). In summary,
IFN-� expression is strongly upregulated from early lesions to

FIG. 2. Transcriptional profiling of skin biopsy specimens at lesion and posthealing stages. (A) Hierarchical clustering of differentially
expressed genes in four acute lesion samples relative to their matched controls. We performed transcriptional arrays that assayed the expression
of more than 22,000 genes on four acute lesion biopsy specimens and six healed biopsy specimens and the uninfected control biopsy specimens
from the same patients and identified 2,625 genes with twofold-or-more differences in expression between lesion and control biopsy
specimens. Genes with decreased expression are shown in green, and those with increased expression in comparison to that of the control
biopsy specimens are shown in red. Expression data from both acute lesion and healed biopsy specimens are shown on the heat map. (B) List
of significantly enriched GO terms (false discovery rate [FDR], �0.05) as defined by GoMiner in the set of differentially expressed genes
shown in panel A.
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crust stages during the development of mucocutaneous lesions
induced by HSV-2 reactivation, but type I IFNs show little
change over the same time course in comparison to matched
contralateral normal genital skin biopsy specimens.

IFN-� has a dominant role in inducing the expression of
ISGs in acute lesion biopsy specimens. Our previous studies
have shown that IFN-� and IFN-� induce overlapping yet
distinct expression patterns of ISGs (33). As such, we analyzed
in detail the expression patterns of ISGs in acute lesional
biopsy specimens. Several ISGs known to be induced by IFN-�,
such as INDO, GBP1, and GBP5, were much more strongly
expressed in lesional tissue than other ISGs, such as DDX58
and OAS1, known to be induced by type I IFN (Fig. 4A). To
evaluate these changes more closely, we performed quantita-
tive RT-PCR to assay the expression of four ISGs, DDX58,
OAS1, INDO, and GBP5, in all seven acute lesion biopsy
specimens; the results are consistent with those seen in tran-
scriptional arrays (Fig. 4B, top panel). To more directly exam-
ine the effects of type I and type II IFNs on the expression of
these ISGs, we compared the expression data in lesion biopsy
specimens to our previously published data for these four
genes for which we performed RT-PCR with primary human

FB treated with IFN-� or IFN-� (33). Consistent with our
results showing that type I IFNs are barely expressed in le-
sional tissues, we find that the expression patterns of these four
ISGs in the seven lesional biopsy specimens more closely
match those in human primary FB treated with IFN-� than
those in cells treated with IFN-� (Fig. 4B, bottom panel). The
data suggest that IFN-�, rather than type I IFNs, has a dom-
inant role in inducing the expression of ISGs during the de-
velopment of recurrent HSV-2 mucocutaneous lesion, which is
consistent with our results showing that IFN-� but not type I
IFNs is upregulated in lesional biopsy specimens.

Microarray and immunocytochemical evidence of mono-
cytes/macrophages, mDCs, and pDCs in acute lesion biopsy
specimens. To evaluate the potential sources of IFN produc-
tion in lesional tissue, we analyzed the expression patterns of
surface markers known to be associated with inflammatory
cells. As shown in Fig. 5A, CD14, CD68, and CD163, tran-
scripts known to be highly expressed in monocytes/macro-
phages, were upregulated more than 10-fold in three of the
four lesional biopsy specimens; DC-SIGN, DC-LAMP, and
CD86, which are abundant in mature DCs, were upregulated

FIG. 3. Human skin biopsy specimens taken from acute HSV-2 lesions show little type I IFN expression but strong IFN-� expression.
(A) Expression of type I IFN (indicated as IFN-� or IFN-�) and type II IFN (IFN-�) and their receptors (IFN-�R and IFN-�R) in four acute lesion
biopsy specimens relative to that in their matched control biopsy specimens in arrays. (B) Real-time RT-PCR for assaying the expression of IFN-�,
IFN-�1, and IFN-� in the same set of acute lesion biopsy specimens as shown in panel A. (C) Real-time RT-PCR for assaying the expression of
type I IFN (IFN-� and IFN-�1) and IFN-� in three additional patients from whom lesion biopsy specimens were sampled 2, 3, and 3 days,
respectively, after the onset of lesion. The three patients from whom these three acute lesion biopsy specimens were taken are different from the
four patients represented in panels A and B. The error bars represent 1 standard deviation from the average values obtained from triplicate
technical replicates. (D) Detection of copy numbers of IFN-�, IFN-�1, and IFN-� in control and lesion biopsy specimens. To calculate the copy
numbers of IFNs in the four lesion biopsy specimens with matched controls that were used for microarrays shown in panel A and TaqMan RT-PCR
shown in panel B, standard curves were generated using IFN-�, IFN-�1, and IFN-� expressing plasmid DNA and the same primer-probe sets used
in panels B and C (see Materials and Methods for details). The error bars represent 1 standard deviation from the average values obtained from
the four control or lesion biopsy specimens.
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more than fivefold on average, and BDCA2, a specific marker
for pDCs, was upregulated about twofold.

The increased expression of inflammatory cell-specific genes
could be due to upregulation in individual cells or to increased
numbers of inflammatory cells in the lesional tissue. To distin-
guish between these possibilities, we sought to visualize the
different types of innate cells in lesional biopsy specimens by
using immunofluorescent staining. As shown in Fig. 5B, we
found larger amounts of inflammatory cells in lesional biopsy

specimens than in control tissue. The biopsy specimens contain
cells expressing BDCA2, indicating the presence of pDCs near
the infected epidermis. In addition, large quantities of CD14-
and CD68-positive cells and cells expressing DC-SIGN were
seen in lesional biopsy specimens in the dermal area. Costain-
ings of lesional biopsy specimens with HSV and CD163 or
DC-LAMP antibodies show that host monocytes/macrophages
(CD163 positive) and DCs (DC-LAMP positive) infiltrate the
epidermis during the acute reactivation (Fig. 5C). Taken to-

FIG. 4. Expression patterns of ISGs in acute lesion biopsy specimens. (A) Expression patterns of ISGs that showed twofold or greater increases
in expression in any of the four acute lesion biopsy specimens relative to that in their matched controls in transcriptional arrays. (B) Confirmation
of array data for select ISGs by RT-PCR. Expression patterns are shown for two ISGs with large changes in expression (INDO and GBP5) and
two ISGs with moderate to low increases in expression (OAS1 and DDX58) in seven lesion biopsy specimens as detected by real-time RT-PCR
(top panel) and for the four ISGs in primary human FB treated with IFN-� (100 U/ml) or IFN-� (100 U/ml) for 48 h in comparison to the level
for untreated cells (bottom panel) (29). The error bars represent 1 standard deviation from the average values obtained from triplicate technical
replicates.
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gether, the transcription and ICC data indicate a marked in-
filtration of transcriptionally active monocytes/macrophages,
myeloid, and pDCs in genital lesions.

Type I IFN is expressed at low levels, and IFN-� is persis-
tently induced in posthealing biopsy specimens. To examine
host immune response after virus clearance, we generated tran-
scriptional profiles of biopsy specimens at posthealing stages
(newly healed and at 2 weeks and 4 weeks posthealing). The array
analysis revealed little expression of type I IFN in any of the
posthealing stages and continual presence of IFN-� at high levels
in genital skin biopsy specimens from the sites of prior HSV-2
infection in comparison to the levels in genital skin not involved
with HSV-2 reactivation (data not shown). We confirmed the low
levels of type I IFN and high levels of IFN-� by RT-PCR (Fig.
6A). The expression patterns of different ISGs are similar to those
seen in acute ulcerations (Fig. 6B versus 4B), suggesting that

IFN-� still has a dominant role in inducing the expression of ISGs
in healed lesion biopsy specimens. Notably, although still upregu-
lated compared to those in uninvolved skin, the expression levels
of IFN-� and ISGs are significantly lower than those seen in acute
ulcerations (Fig. 6A versus 3B and Fig. 6B versus 4B, respec-
tively). Histological analyses by ICC showed persistent CD8/CD4
(data not shown) and monocyte/macrophage infiltration in pos-
thealing biopsy specimens (Fig. 6C). Thus, as in acute ulcerations,
the histological and transcriptional analyses of posthealing biopsy
specimens were consistent.

DISCUSSION

Using the combination of in vivo transcriptional profiling
with in vivo immunocytochemistry studies of lesional biopsy
specimens, we show that HSV-2 appears capable of effectively

FIG. 5. Significant presence of monocytes/macrophages, mDCs, and pDCs in acute lesion biopsy specimens from patients with recurrent HSV-2
infection. (A) Expression patterns of markers for monocytes/macrophages, mDCs, and pDCs in lesional biopsy specimens from transcriptional
arrays. The changes for each lesion biopsy specimen are calculated in comparison to its matched control biopsy specimen. (B) Detection of BDCA2
(green, top two panels)-, DC-SIGN (green, middle two panels)-, CD14 (red, bottom left panel)-, and CD68 (green, bottom right panel)-positive
cells in the dermis area close to the infected (lesional biopsy specimens) or uninfected (control biopsy specimens) epidermis by ICC. Blue, DAPI
staining. (C) Significant infiltration of CD163- and DC-LAMP-positive cells to the HSV-2-infected epidermis during acute HSV-2 ulcerations.
Blue, DAPI staining. Scale bar, 50 
M.
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evading the host innate immune system by suppressing type I
IFN production. Whole HSV-2 lesional tissues contain large
amounts of IFN-� but surprisingly low levels of type I IFN,
despite evidence, shown by ICC and transcriptional analysis, of
a marked infiltration of the lesional biopsy specimens by mono-
cytes/macrophages and mDCs and the significant presence of
pDCs, all cell types known to produce type I IFN in response
to HSV infection in vitro (28, 34, 39) and to systematic HSV
infection in mouse models (36). Analysis of the array data
showed that several type I IFN-induced ISGs, such as OAS1
and DDX58, were expressed at low levels, further strengthen-
ing the view that there is little type I IFN activity in lesional
tissues.

Our study suggests that more-detailed explanations of the
mechanism of this apparent blockade of type I IFN induction
in vivo are warranted. pDC cells secrete large amounts of type
I IFN in response to viral infection. However, at a local infec-
tion, such as a respiratory infection, other cell types may also
play prominent roles in the synthesis of type I IFN. In a mouse

model using nasal infection with Newcastle disease virus, it has
been shown that alveolar macrophages and conventional den-
dritic cells, rather than pDCs, are the major producers of
IFN-� (16). In a mouse model with systematic infection of
HSV-1 and HSV-2, pDCs and TLR9 are responsible for early
production of type I IFN, yet other types of innate cells, in-
cluding mDCs and macrophages, produce IFN late (36). In a
mouse model with vaginal HSV-2 infection, pDCs are re-
cruited to the infection site and produce a significant amount
of type I IFN in a TLR9-dependent manner (25). In the lesion
biopsy specimens that we studied, CD14-positive monocytes/
macrophages significantly infiltrate the infected epidermis,
along with large numbers of mDCs and a small number of
pDCs. When compared to these infection studies, the low
expression level of type I IFN during the progression of HSV
reactivation is surprising.

The expression patterns of IFNs (type I and type II) and
ISGs during recurrent mucocutaneous HSV-2 infection differ
from those under other inflammatory conditions. For example,
transcriptional profiling of psoriasis lesional skin versus non-
lesional skin biopsy specimens reveals significant upregulation
of type I IFN (IFN-� and IFN-�) and type I IFN ISGs, such as
OAS1 and MX1 (43). Thus, the host gene expression patterns
that we described to occur in the acute lesions as well as over
the course of healing are likely to be dictated by the interplay
between the host and HSV-2 and are not the nonspecific ef-
fects of inflammation per se. The persistent expression of
IFN-� is consistent with other findings, achieved using biolog-
ical techniques, that IFN-� is the predominant species made in
herpetic lesions. Our data are also consistent with our previous
work showing that CD8 T cells persist from lesion to healed
stages during the progression of HSV reactivation (47) and our
recent data showing that HSV-specific CD4 T cells that persist
for weeks after healing express IFN-� when stimulated with
inactivated HSV-2 antigens (46). We cannot yet define the
major source of IFN-�, whether it is from CD4 T cells, CD8 T
cells and/or macrophages, or likely all three. With mouse stud-
ies, it has been shown that IFN-� and CD8 T cells persist in
latently infected ganglia and that IFN-� plays important roles
in the maintenance of HSV latency (14, 23). IFN-� is also
known to induce the robust expression of some ISGs, such as
INDO and GBP5, therefore perhaps stimulating an antiviral
state in the infected area. During HSV reactivation, IFN-�
seems to have a dominant role in inducing the expression of
ISGs from lesion to posthealing stages. This finding is consis-
tent with mouse studies which suggest that IFN-� plays impor-
tant roles in host defense during HSV infection (2, 12).

Whether the lack of type I IFN production in acute lesion
biopsy specimens is directly related to a specific HSV-2 gene
product is unclear but worthy of investigation. HSV is a large
DNA virus known to encode several gene products that enable
viral evasion of host innate immune response (18). HSV infec-
tion in cell cultures induces host type I IFN response, which is
subsequently shut down by HSV-encoded gene products (30,
31). Several studies have shown that HSV-1 encodes ICP0, an
immediate-early gene product that can inhibit the transcription
regulatory functions of IRF3 (8, 22, 29). ICP27, another im-
mediate-early gene product, has been shown to antagonize
type I IFN signaling (13). HSV-encoded late gene products
�-34.5 and Us11 inhibit the antiviral functions of PKR (11, 35).

FIG. 6. Healed lesion biopsy specimens from patients with recur-
rent HSV-2 infection have little type I IFN, but high levels of IFN-�
and IFN-�-associated ISGs persist in specimens newly healed and at 2
and 4 weeks posthealing. (A) Real-time RT-PCR detected little type I
IFN (IFN-�1 and IFN-�) yet significant upregulation of IFN-� in three
healed biopsy specimens (newly healed and at 2 and 4 weeks postheal-
ing [wks PH]). (B) Expression patterns of four ISGs, DDX58, OAS1,
INDO, and GBP5, in the same three healed biopsy specimens as
described for panel A. The error bars represent 1 standard deviation
from the average values obtained from triplicate technical replicates.
(C) Detection of CD14 (green)-positive cells in the dermis area of a
healed biopsy specimen (4 weeks posthealing). Blue, DAPI staining.
Scale bar, 50 
M.
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Us3, an HSV-encoded kinase, is shown to block the expression
of IFN-�-dependent genes (21). Lastly, vhs, a tegument pro-
tein and HSV-encoded late gene product, degrades both host
and viral mRNA (17) and in mouse models it seems to play
important roles in HSV pathogenesis (40). Elucidating HSV
immune evasion mechanisms of the innate immune system at
mucosal surfaces during recurrent infection may provide new
strategies for antiviral drug and HSV vaccine development.
For example, a recent human clinical trial demonstrated that
topical resiquimod, a TLR7 and TLR8 agonist, decreases
HSV-2 genital shedding, suggesting that type I IFN may play a
critical role in controlling HSV reactivation (26). The ability to
obtain genital lesion tissue in concert with techniques for iso-
lating and characterizing lesion-infiltrating cells may allow the
effective dissection of HSV-2 strategies for evading host innate
immune systems.
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